Abstract The Hsp90 molecular chaperone has been implicated as a contributor to evolution in several organisms by revealing cryptic variation that can yield dramatic phenotypes when the chaperone is diverted from its normal functions by environmental stress. In addition, as a cancer drug target, Hsp90 inhibition has been documented to sensitize cells to DNA-damaging agents, suggesting a function for Hsp90 in DNA repair. Here we explore the potential role of Hsp90 in modulating the stability of nucleotide repeats, which in a number of species, including humans, exert subtle and quantitative consequences for protein function, morphological and behavioral traits, and disease. We report that impairment of Hsp90 in human cells induces contractions of CAG repeat tracks by tenfold. Inhibition of the recombinase Rad51, a downstream target of Hsp90, induces a comparable increase in repeat instability, suggesting that Hsp90-enabled homologous recombination normally functions to stabilize CAG repeat tracts. By contrast, Hsp90 inhibition does not increase the rate of gene-inactivating point mutations. The capacity of Hsp90 to modulate repeat-tract lengths suggests that the chaperone, in addition to exposing cryptic variation, might facilitate the expression of new phenotypes through induction of novel genetic variation.
Introduction
The Hsp90 molecular chaperone supports a diverse clientele of proteins, primarily kinases involved in signal transduction, cell cycle, and development (Citri et al. 2006; Neckers and Ivy 2003) . Deviating from the classical description of chaperone function, Hsp90, under normal cellular conditions, appears to play a limited role in the indiscriminate de novo folding of proteins and instead assists in the maturation and stabilization of specific clients to facilitate their activation (Nathan et al. 1997 ) and assembly into larger complexes (Freeman and Yamamoto 2002) . Pioneering work from Rutherford and Lindquist (1998) identified Hsp90 as a buffer of morphological variation (Queitsch et al. 2002; Sangster et al. 2008) . The authors identified a molecular basis for the canalization of developmental traits, where Hsp90 suppresses cryptic genetic variation by stabilizing client proteins in spite of subtle changes in protein sequence. Under severe environmental stress, Hsp90 is recruited to repair damaged proteins, diverting the chaperone from its normal cellular functions. Under these conditions, the otherwise "silent" genetic variation is expressed, leading to an increase in morphological phenotypes. The Hsp90 chaperone therefore can facilitate rapid adaptation to environmental changes by releasing a broad range of "hidden" phenotypes (Palotai et al. 2008; Rutherford et al. 2007 ), of which a subset can be selected to accommodate environmental pressure (Cowen and Lindquist 2005) .
Hsp90 is highly expressed in tumor cells, suggesting that the buffering and stabilizing functions of Hsp90 may also be vital to the survival and proliferation of malignant cells (Whitesell and Lindquist 2005) . Pharmacological inhibitors of Hsp90, many of which are in clinical trials, have been effective in preferentially triggering cell death in several cancers (Banerji 2009 ). An unexpected consequence of treatment with Hsp90 inhibitors is the sensitization of tumors to DNA-damaging agents, prompting the use of these inhibitors in conjunction with conventional chemotherapies and radiotherapies. Impairment of Hsp90 has been implicated in the disruption of multiple aspects of DNA repair, most notably in double-strand break (DSB) repair (Camphausen and Tofilon 2007; Dote et al. 2006; Noguchi et al. 2006) .
The observation that Hsp90 inhibition leads to improper resolution of DSBs, combined with the chaperone's known sensitivity to cellular stress, suggests a connection between genome instability and the environment. Microsatellite repeat mutation has been used as a biomarker or indicator of genome stability and cancer (Barber et al. 2006; Healy et al. 2006; Reuschenbach et al. 2009 ). In both yeast and mammalian cells, CAG repeat tracts have been shown to be naturally prone to DSBs (Jankowski et al. 2000; Meservy et al. 2003) . We previously developed CAG-specific zincfinger nucleases that introduce DSBs within CAG repeats and showed that they destabilize CAG repeats in a lengthdependent manner in human and rodent cells, triggering a substantial induction of large repeat contractions (Mittelman et al. 2009 ). The susceptibility of CAG repeats to DSBs and the ability of Hsp90 inhibition to interfere with DSB repair led us to evaluate the possible role of Hsp90 in nucleotide repeat instability.
Using our previously described selection assay for measuring modifiers of CAG repeat contraction frequency (Lin et al. 2006) , we find that impairment of Hsp90 significantly destabilizes CAG repeat tracts in human cells. Repeat destabilization appears to be mediated via effects on the recombinase Rad51, which is important for homologydependent repair of DSBs. We show that inhibition of Hsp90 leads to a decrease in Rad51 protein, and that small interfering RNA (siRNA) knockdown of Rad51, in the absence of Hsp90 inhibition, leads to the same repeat instability as interference with Hsp90. These results suggest the intriguing possibility that Hsp90, apart from buffering and exposing cryptic variation, possesses the capacity to modulate the lengths of repeat tracts in the genome and, as a result, to induce a novel genetic variation.
Materials and methods

Human cell culture
The construction and growth conditions of the HT1080-derived HPRT − FLAH25 cell line have been described in detail elsewhere (Lin et al. 2006) . Doxycycline (2 µg/ml) was added to the growth medium to induce the transcription of the HPRT reporter gene, which is controlled by the pTRECMVmini promoter. We performed selection for HPRT + cells by plating 500,000 cells on 10-cm plates, supplemented with 0.1 mM hypoxanthine, 0.4 µM aminopterin, and 16 µM thymine, for 2 weeks. Surviving colonies were stained with 1% Coomassie blue for enumeration. HPRT + frequencies, which were computed as the number of HPRT + colonies divided by the number of viable cells, are the averages of results from at least three independent experiments. To select for HPRT − cells in HPRT + HT1080 cells, we plated 500,000 cells on 10-cm plates, supplemented with 5 µg/ml 6-thioguanine, for 2 weeks. HPRT − frequencies were computed as described previously for the HPRT + selection.
siRNA and drug treatments
We distributed 100,000 FLAH25 cells to each plate and transfected them 24 h later using Oligofectamine (Invitrogen) with siRNA duplexes for Hsp90α, Rad51, or Rad51c (Dharmacon). The sequences for the siRNA duplexes are as follows: Hsp90α siRNA-1, 5′-GUUUGAGAACCUCUG CAAA (Compton et al. 2006 ); Hsp90α siRNA-2, 5′-G GAAAGAGCUGCAUAUUAA (Chatterjee et al. 2007 ); Rad51 siRNA-1, 5′-GAGCUUGACAAACUACUUC (Ito et al. 2005 ); Rad51 siRNA-2, 5′-UGUAGCAUAUGCUCG AGCG (Ko et al. 2008) ; and Rad51C siRNA-1, 5′-CAC CUUCUGUUCAGCACUAGA (Rodrigue et al. 2006) . Each transfection included a specific siRNA at a concentration of 100 nM, along with a control siRNA at 100 nM targeted to vimentin but which has no discernable effect on cells (Lin et al. 2006) . Each experiment also included a set of control cells transfected with vimentin siRNA alone at 200 nM. At 4 h posttreatment with siRNA, the cells were supplemented with a medium containing serum. The cells were grown for 72 h, and then retransfected with siRNA and cultured in the presence of doxycycline (2 µg/ ml). Selection for HPRT + cells was initiated 72 h after the second transfection. For drug treatments, the Hsp90 inhibitor 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) (Sigma) was reconstituted in dimethyl sulfoxide (DMSO) at a concentration of 100 mM and added daily for 3 days to the cell medium, which contained doxycycline (2 µg/ml). Selection for HPRT + cells was initiated 24 h after the final drug treatment. We used Student's t test to evaluate the significance of the differ-ences between the means of specific siRNA treatments and the means of the control siRNA treatment.
Immunoblotting
We harvested cells at 24, 48, and 72 h posttreatment and used Western blot analysis to analyze the level of each target protein. For each analysis, 2-4 million cells were lysed in 200 μl of cell lysis buffer [300 mM Tris (pH 6.8), 2% sodium dodecyl sulfate, and 10% glycerol] on ice. Proteins (30 μg/sample, as quantified by a BCA protein assay) were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels (pH 8.8) with a 4% stacking gel (pH 6.8) and transferred to nitrocellulose membranes at 30 mA overnight. Membranes were blocked with 5% dry milk in TBST [0.05 M Tris-HCl (pH 8.0), 0.15 M NaCl, and 0.05% Tween 20] at room temperature for 30 minutes and incubated with primary antibody (GAPDH, SC-32233, Santa Cruz Biotechnology; Hsp90α, SPA-840, Assay Designs; Rad51, PC130, EMD; Rad51C, MAB3696, Millipore), according to the manufacturer's instructions, in 3% dry milk in TBST for 2 h at room temperature. The membranes were incubated with 1:5000 secondary antibody IgG-horseradish peroxidase conjugate (Santa Cruz Biotechnology) in 3% dry milk in TBST for 1 hour at room temperature. We detected bands after exposure to ECL reagent (GE) and quantified the intensity of the bands using ImageJ software (National Institutes of Health).
Quantification of mRNA levels
To quantify HPRT messenger RNA (mRNA) levels, we harvested cells 24 h posttreatment, homogenized them in TRIzol reagent by four passes through a 24-gauge needle, added chloroform (20% of the total volume), vortexed the sample, and then centrifuged it at 10,000 × g for 15 min at 4°C. RNA was extracted from the aqueous layer using the RNeasy minikit (Qiagen) according to the manufacturer's recommendations. We used 50 ng of total RNA in each real-time RT-PCR using a SYBR Green RT-PCR kit (Qiagen) and normalized HPRT mRNA to β-actin mRNA. The HPRT primers were 5′-CGGCTACAAGGACGACTC TAG and 5′-TTGATGTAATCCAGCAGGTCAGC; the β-actin primers were 5′-AGAGAGGCATCCTCACCCTG and 5′-CATGAGGTAGTCAGTCAGGT. Conditions for RT-PCR were as follows: 50°C for 30 min, 95°C for 15 min, followed by 45 repeated cycles of 94°C for 15 s, 50°C for 30 s, and 72°C for 30 s. The relative levels of HPRT and β-actin mRNA were calculated by comparing the number of cycles (generally between 15 and 25 cycles) at which the PCR products became detectable above the basal threshold. The percentages of HPRT mRNA in siRNA-treated samples relative to vimentin controls were calculated as: % = 100 × 2exp[(HPRT control − actin control ) − (HPRT sample − actin sample )]. With the HPRT mRNA levels in vimentin-siRNA-treated cells defined as 100%, the value for Hsp90-siRNA-treated cells was 90 ± 25%, that for Rad51-siRNA-treated cells was 95 ± 1%, and that for Rad51C-siRNA-treated cells was 105 ± 6%.
Results and discussion
Drug and genetic inhibition of Hsp90
To test for a possible connection between Hsp90 function and the stability of repeat tracts, we employed a selection assay in human FLAH25 cells, which we have previously used to identify modifiers of CAG repeat stability (Gorbunova et al. 2003 (Gorbunova et al. , 2004 Lin et al. 2006 Lin et al. , 2010 Lin and Wilson 2007; Mittelman et al. 2009 ). FLAH25 cells carry an integrated HPRT minigene that contains a single intron interrupted by 95 copies of a CAG repeat (Fig. 1) . This long CAG repeat is spliced into the HPRT mRNA, rendering the reporter gene inactive. If the repeat contracts to less than 39 copies, however, the CAG repeat is not efficiently spliced into the transcript, and a sufficient quantity of normal HPRT mRNA is produced to restore the activity of the reporter gene. Cells that experience adequate contractions in the CAG repeat survive selection for HPRT + cells. The magnitude of an effect on contraction frequency can be assessed from the analysis of surviving HPRT + colonies. We measured the mutagenic consequences of blocking Hsp90 function in FLAH25 cells by treatment with 17-AAG, a specific inhibitor of Hsp90. 17-AAG is a (Kamal et al. 2003) . We treated cells with 17-AAG dissolved in DMSO, or an equivalent concentration of DMSO alone, for 72 h and then assayed for contractions by selecting for HPRT + cells. Pharmacological inhibition of Hsp90 with 17-AAG increased the frequency of HPRT + colonies tenfold above the control values (P < 0.0001) (Fig. 2a) . To identify alterations to the repeat tract, we isolated 15 HPRT + colonies and characterized their CAG repeats by PCR amplification and DNA sequencing. We found that the CAG repeat tracts in 13 of the HPRT + colonies were contractions to fewer than 39 repeats; the other two events were deletions that extended into the sequences flanking the repeat tract. This analysis is consistent with our previous characterizations of the selection assay (Gorbunova et al. 2004; Lin et al. 2006 ). Thus, inhibiting Hsp90 with 17-AAG destabilizes CAG repeat tracts.
To confirm that the observed effect on repeat contraction was the result of Hsp90 inhibition rather than a nonspecific effect of 17-AAG, we directly inhibited the expression of Hsp90 by siRNA knockdown. There are two isoforms of cytosolic Hsp90 in mammalian cells-Hsp90α and Hsp90β, and 17-AAG functionally inhibits both. Hsp90α is the inducible and more abundant form of mammalian Hsp90, while Hsp90β is fairly insensitive to cellular stress and has functions that are distinct from those of Hsp90α (Sreedhar et al. 2004) . We therefore chose to use Hsp90α-specific siRNAs to confirm the effect on repeat instability. As shown in Fig. 2b , treatment with Hsp90α siRNA substantially reduced the level of cellular Hsp90α. siRNA knockdown of Hsp90α increased the frequency of HPRT + colonies more than 11-fold above the control values (P < 0.0001) (Fig. 2a) , which is about the same increase we obtained by inhibiting Hsp90 with 17-AAG. Because treatments with 17-AAG and Hsp90α-specific siRNAs destabilize CAG repeat tracts, we conclude that Hsp90 normally functions to maintain CAG repeat stability.
We previously showed that transcription through the CAG repeat tract in FLAH25 cells increases the frequency of repeat contractions (Lin et al. 2006 ). In our Hsp90 experiments, transcription was fully induced by addition of doxycycline; however, it was possible that inhibition or knockdown of Hsp90 could increase repeat instability by further stimulating transcription through the HPRT gene. To investigate this possibility, we measured the levels of HPRT mRNA induced by doxycycline when Hsp90 functioned normally and when it was knocked down by siRNA treatment. Knocking down Hsp90 function gave about 90% as much HPRT expression as occurred when the cells were treated with control siRNA. These results rule out the ) for each condition are as follows: vimentin siRNA (8.1 ± 2.7; N =.7), 17-AAG (80 ± 20; N = 5), Hsp90α siRNA-1 (95 ± 24; N = 5), Hsp90α siRNA-2 (93 ± 18; N = 3), Rad51 siRNA-1 (76 ± 10; N = 6), Rad51 siRNA-2 (98 ± 21; N = 5), and Rad51C siRNA (52 ± 17; N = 3). An asterisk indicates that P < 0.0001 for a given treatment, in comparison to treatment with vimentin siRNA. b Representative Western blots demonstrating that siRNA treatments decreased the amounts of the target proteins, relative to GAPDH, after 24 h (D1), 48 h (D2), and 72 h (D3). As shown in the first column of each Western blot, 72 h of treatment with vimentin siRNA (VIM) had no effect on any of the target proteins. c Representative Western blot demonstrating that treatment with 17-AAG decreased the amount of Rad51 in a dose-dependent manner relative to GAPDH trivial possibility that Hsp90 inhibition destabilizes CAG repeats by stimulating transcription through the HPRT gene.
Molecular basis for Hsp90-mediated effects on CAG repeat instability
It is unlikely that Hsp90 modulates CAG repeat instability through a direct interaction with DNA. Rather, Hsp90 likely influences instability via an indirect effect on DNA metabolism. It is known, for example, that inhibition of Hsp90 sensitizes tumor cells to genotoxic agents through its effects on client proteins in one or more DNA repair pathways (Arlander et al. 2003; Dote et al. 2006; Noguchi et al. 2006; Yao et al. 2007 ). These effects are best characterized for proteins involved in DSB repair. Impairment of Hsp90 prevents radiation-induced activation of ATM, which is necessary for heterochromatic DSB repair (Dote et al. 2006; Goodarzi et al. 2008) . Hsp90 is required to stabilize FancA, and pharmacological inhibition of Hsp90 blocks damage-mediated FancD2 activation (Yamashita et al. 2007 ). Hsp90 is also required for the persistence and proper function of Chk1, which is essential for the proper repair of DSBs by homologous recombination (HR) in mammalian systems (Arlander et al. 2003; Sorensen et al. 2005) . A common downstream component of these pathways is the Rad51 recombinase, which is also depleted upon treatment with Hsp90 inhibitors (Noguchi et al. 2006; Yao et al. 2007 ). If inhibition of Hsp90 modulated CAG repeat instability via its effects on these pathways, then we should be able to reproduce its effects by inhibiting Rad51.
To test the possibility that impairment of Rad51 may contribute to CAG repeat instability, we used two different siRNAs to knock down the expression of Rad51 (Fig. 2b) . We found that siRNA knockdown increased the frequency of HPRT + colonies about tenfold above control levels (P < 0.0001) (Fig. 2a) , similar to the effect that we observed with Hsp90 inhibition by 17-AAG and siRNA. Additionally, we established that the level of Rad51 decreases with increasing concentrations of 17-AAG in a dose-dependent manner (Fig. 2c) . Moreover, the decrease in Rad51 with 100 nM 17-AAG (Fig. 2c) is comparable to the knockdown obtained with Rad51 siRNA (Fig. 2b) . Since inhibition of Hsp90 by 17-AAG and siRNA knockdown of Rad51 have equivalent effects on Rad51 levels and CAG repeat instability, it seems likely that Hsp90-mediated effects on CAG repeat instability are the result of its effects on Rad51.
The principal cellular role of Rad51 is to promote the strand invasion step of HR. If Rad51 impairment destabilizes repeats by inhibiting HR, other components in the HR pathways should also affect repeat instability. To test this possibility, we knocked down Rad51C, a Rad51 paralog that is required in combination with Rad51 to promote strand invasion (Sigurdsson et al. 2001) . We found that Rad51C knockdown increased the frequency of HPRT + colonies about sixfold above control levels (P < 0.0001) (Fig. 2a) , which is only slightly less than what we observed with Rad51 knockdown. Thus, we conclude that knockdown of Rad51 increases CAG repeat instability by impairing HR. Deciphering the complete pathway by which Hsp90 induces Rad51-mediated effects on CAG repeat instability will be a challenge, as there are multiple proteins, such as FancD2 and Chk1, that regulate Rad51 but are also in turn regulated by Hsp90.
We have focused here on the role of Hsp90 in CAG repeat instability; however, it is possible that Hsp90 inhibition, in addition to inducing repeat instability, might also increase the frequency of other types of mutational event such as point mutation. To examine this possibility, we applied the same 17-AAG treatment to the HT1080 cells from which the FLAH25 cell line was derived. These cells harbor a wild-type copy of HPRT at the endogenous locus. HPRT-inactivating mutations, which can be detected by selection for loss of HPRT function, are dominated by point mutations (Sculley et al. 1992) . Although treatment with 17-AAG induces a dramatic increase in repeat instability in FLAH25 cells, it did not detectably increase the frequency of HPRT − colonies in HT1080 cells (Fig. 3) .
These results suggest that the role of Hsp90 in CAG repeat ) for each condition in the point mutation assay are an average of three independent experiments: no treatment (5.6 ± 0.6; N = 3) and 17-AAG treatment (5.0 ± 2.6; N = 3). An asterisk indicates that P < 0.0001 for 17-AAG treatment in comparison to no treatment. The values for the FLAH25 cells were taken from Fig. 2a instability is not part of a broader function in generalized genomic mutation.
In summary, our results indicate that Hsp90 normally functions to promote the stability of CAG repeats, apparently through its effects on Rad51-mediated HR. Interference with Hsp90 decreases the amount of Rad51, which is the primary recombinase involved in the homology-dependent repair of DSBs. In mammalian cells, DSBs are repaired by two well-defined homologydependent repair pathways: strand invasion, which depends on Rad51, and single-strand annealing (SSA), which does not (Paques and Haber 1999) . The ability of Hsp90 to modulate Rad51 suggests that it controls the relative activity of these two pathways. Under stress, when Hsp90 is diverted from its normal function, the amount of Rad51 will decrease, thereby enhancing the SSA pathway. Because the SSA pathway fixes DSBs by pairing homologous sequences on either side of the break, it would naturally lead to changes in the lengths of the repeat tract (Richard et al. 1999) . Consistent with our results, a previous study of stress-induced mutations in cultured murine cells revealed increases in the instability of minisatellites, although these studies did not evaluate the role of Hsp90 (Li et al. 2001) . A more recent study found that Hsp90 inhibition activates transposon-mediated mutagenesis in the Drosophila genome (Specchia et al. 2010) . Our observation that Hsp90 inhibition destabilizes microsatellite repeats, along with these other recent studies, suggests an emerging role for Hsp90 in the maintenance of genome integrity.
It will be interesting to see if Hsp90 inhibition can instantiate CAG repeat expansion, to which our selection assay is blind. Also, despite having specifically studied CAG repeats, we expect that repair by SSA would have similar destabilizing effects on other microsatellite repeats. Therefore, the effects of Hsp90 inhibition on Rad51 may represent a generalized way to manipulate the length of repeats in the genome, of which several have been implicated in the evolution of gene transcription (Vinces et al. 2009 ) and protein function (Fondon and Garner 2004) . However, to make this connection, it will be important to establish whether this modulation of genome repeats occurs in the germline. The observation that the inducible form of Hsp90 is predominately expressed in the testis and brain (Vamvakopoulos 1993 ) supports a role for Hsp90 in germline repeat stability and additionally suggests a role for stress-induced microsatellite instability in the progression of neurological disorders caused by the instability of triplet repeats.
